I. Introduction
The need for multiple access strategies arises whenever many users share a conmmnication resource, since it is usually cost prohibitive or impractical to dedicate a channel to a particular user. Many such algorithms have been proposed and implemented [1] . They can be classified as deterministic access, controlled access, and random access.
The most common example of deterministic access is time-division multiplexing (TDM), where a portion of a time frame is allocated to each user. TDM has been successfully implemented in, among others, geostationary satellite channels.
With controlled access, users access the channel either through a central controller (polling) or by passing control from one user to another in a decentralized fashion (token passing) [2] .
These techniques are often used on a microwave channel where all users transmit on the same frequency.
Random access techniques allow users to transmit at will. They employ various methods to resolve collisions that occur whenever two or more users transmit at the same time. One of the more common strategies is the ALOHA algorithm, which resolves packet collisions by having a central station recognize a collision and request the user(s) involved to retransmit their message(s) [3] . This process can be repeated until no collision of a given message is detected. The ALOHA transmission algorithm has been implemented in computer communication networks.
All of the major access strategies discussed thus far share a very important feature they have been implemented primarily in two-way (duplex) channels. In other words, some sort of acknowledgement is required to tell a user about the status of its transmission. However, many applications exist where unidirectional (simplex) transmission could meet all or most of the system requirements, making the use of access strategies like ALOHA both inefficient and expensive. These applications include, but are not limited to, home-shopping networks, video-on-demand controllers, and various alarm installations. The major problem with any form of simplex transmission is that the transmitting party has no way of knowing whether its message was successfully received. Therefore, it is imperative for a system designer to develop a scheme that provides for highly reliable message transfer in a one-way communication environment.
The problem of developing a traffic model for a unidirectional channel has been of interest for a number of years. Several models for a collision channel without feedback have been considered previously.
One such model was investigated by Massey and Mathys [4] . This model was developed for a situation where all users must share a common communication resource but, because of the inability to synchronize their clocks, cannot transmit their data packets in a time-sharing mode. Due to the lack of a feedback link, they can never be sure of their individual packet transmission outcomes. This inability to synchronize transmissions forces users to employ random accessing. The model proposed in [4] required each user to have a protocol signal generator and to transmit packets only when allowed by the generator. This was done to reduce packet collisions.
The scheme proposed by Massey and Mathys is not well suited to applications like a home-shopping network where each user needs to be able to initiate a transmission at any given time. In addition, most of these applications require a higher probability of successful message transmission than would be possible with a single transmission on other than an extremely lightly loaded channel (a channel with low message arrival rate). One way to improve the probability of successful message transmission is to introduce stochastically distributed retransmissions into the channel protocol. There is no provison for these in [4] .
Another model for a collision channel without feedback was considered over twenty years ago by Huber and Shah [5] , who were interested in alarm and telemetry systems.
Their system consisted of many peripheral 36
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transmitters and a single central receiver with ~midirectional information flow. The transmitters wot~td send short messages consisting of their own addresses and a small number of additional information bits. The transmitters had no way of recognizing whether the channel was basy or not, and they were totatty independent of each other. The information flow would be carried over a single binary channel consisting of a radio link.
Huber and Shah addressed several important questions about the channel. They investigated the transmitter repetition rate that should be selected to ensure a maximum of correctly received messages, the effect of the average transmission rate on the behavior of the system, and the optimal strategy that each individual station should use. They determined the number of transmissions for maximum data flow, as well as the probability that a message would be received correctly under optimum conditions. Finally, they postulated that some form of stochastic message distribution by each individual station was necessary to improve system performance.
It is worth noting that Huber and Shah were primarily concerned with determining the optimal average transmission rate that would maximize the (expected) total number of correctly received messages from all users" during some observation period (which they considered to be the time interval during which all system users executed their transmission attempts). They made no attempt to develop quantitatively a retransmission strategy that would improve the chances of each user having at least one message received correctly when the observation period for that user does not perfectly coincide with observation periods of all other users'. Therefore, a need arose to develop a random access protocol with retransmissions that could improve the probability of successful message transmission in a one-way communication environment where observation (retransmission) periods for all users do not necessarily overlap.
In this paper, we propose such a random access technique for one-way channels. With it, each user sends an initial message of stated length to a central receiver. The message is retransmitted a specified number of times in a pre-determined interval reserved for the retransmission process.
The interval between each successive retransmission of a given message is randomly generated.
The retransmission technique is used in a product called AudioLink. It is now undergoing field trials in the Center for Wireless Telecommunications at Virginia Polytechnic Institute and State University, Blacksburg, Virginia, USA (Virginia Tech). This product will be described in greater detail in Section VI.
II. Theory
This paper reviews the development of a random access strategy to be utilized in a home-shopping network application.
This system will require users to transmit product requests over a wireless channel in response to TV advertisements. The goal is to achieve a certain probability of successful message transmission in a situation in which the transmitting user will not get any status information from the receiving party. This can be accomplished by
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introducing rand~m~ message retransmissions and subsequently randomizing their origination times.
Ao Generation of initial messages
One cannot predict when any given system user will originate a message transmission on a channel under consideration since the message could be in response to any TV program or advertisement.
Once a message is transmitted, its subsequent retransmissions could be structured arbitrarily.
Therefore, the statistics for the generation of initial messages and subsequent retransmissions will differ. The arrival of initial messages at the central station obeys Poisson statistics, which serve as a good approximation in modeling the arrival of a large number of messages from uncorrelated sources [6] . The total initial message arrival rate is then described by the parameter /IN (in messages/sec), where 2 is the average rate of initial messages transmitted per user and N is the total number of users on the system. Thus, the probability p(k) of k original (Poisson) an-ivals in time interval t is given by [7] :
Expression (1) represents the probability density function (pdf) of a Poisson distribution. It is important to note that the arrival of initial messages at the central station with the proposed channel will satisfy the major requirement for a Poisson process, particularly that the arrivals are memoryless: an arrival in one time interval is independent of arrivals in previous or future intervals. If a user has responded to a given TV advertisement, he/she is no more or less likely to respond to future advertisements.
B. Generation of retransmissions
After completing their initial message transmission, users will enter the retransmission period. During this interval all retransmissions of each user's initial message take place. As noted in [5] , periodic repetition of the same message cannot be employed because using identical periods for all transmitters would cause messages to collide repeatedly. All transmitted messages would suffer collisions. Using different periods for different transmitters would give an advantage to those with the shortest periods, which is generally not desired. Therefore, some stochastic distribution of message retransmissions is necessary. At this point, the statistics of retransmissions can be addressed.
The time interval T from the end of an original message transmission to the end of its final retransmission will be broken into E identical subintervals, since there are E such retransmissions. Each retransmission can occur at any time within its respective subinterval. However, if a retransmission is completed prior to the end of this subinterval, a new retransmission will not be allowed before the start of the next subinterval. Since each message is z seconds in duration, the maximum interval between T successive retransmissions is ---T.
This interval E between successive retransmissions for any user can he modeled as a uniformly distributed random variable on the 2, Number 1 37
Each retransmissio~ delay has a probability density function f(t) given by:
otherwise Uniform distribution of retransmissions was selected for several reasons. Uniformly distributed events can be easily implemented using random number generator circuits. As was pointed out in [5] , uniform message distribution produces significantly better results than the other common technique, exponential distribution of the time intervals between messages.
C. Message collision dynamics
The probability of a successful transmission of a given message, denoted P, is the probability that at least one of (E + 1) transmissions of that message is successful (that is, transmitted without collision with any other messages), where E is again the number of retransmissions for each message. This can be expressed as follows:
given message suffered a collision} (
=I-P 1
P{all retransmissions failed }.
A transmission by a given user can collide with either an original transmission or a retransmission from any other user. As was stated in Section IIA, the statistics for the generation of original transmissions and subsequent retransmissions differ.
However, every transmission encounters identical channel conditions. In other words, the message generation processes for all users do not vary with time. Therefore, we have: P { original transmission failed} = P {any (5) one of E retransmissions failed}.
and P { all retransmissions failed } = [ P {any (6) one of E retransmissions failed }] E Thus, the term P1 (the probability that all E+I transmissions of a given message suffered a collision) can be expressed as: PI = P2 E+I (7) where P2 represents the probability that a collision occurred. In our analysis, only the worst-case scenario (one that will maximize P2) will be considered.
Every message, sent by a specified user, creates a "collision window" of fixed duration equal to 2z. If any other message arrives at the receiver during this period, a collision will occur. The probability that initial messages are present on the channel during 2z is just the probability that at least one Poisson arrival occurred in 2z, and it is given by:
P{at least one arrival in 2z'} = 1 -e -2ANt , (~) Att Poisson messages have equal probability of colliding with some given message. This probability depends only on the message length and on the number of messages generated per time unit. This implies that any Poisson message is equally likely to undergo a collision with a given message. Hence, in this case, a Poisson message distribution reduces to a uniform one from the collisional viewpoint.
An important point should be noted. Even though the arrival of initial messages obeys Poisson statistics, we do not have a pure Poisson process.
Instead, Poissondistributed initial messages trigger retransmissions for each user. To represent the probability of collisions with original messages in this compound system, an effective collision parameter feZ-is introduced and will be discussed later. This allows us to treat, from collisional dynamics point of view, the initial message generation and retransmission processes independently, although the retransmission process for each user is conditioned on an initial message having been transmitted.
With this modification, the expression (8) for the probability of at least one initial message having been generated during the collision window is given by:
P {at least one initial message generated during
When a given user transmits a message, there are three possible message combinations from all other users that can be present on the channel during the interval 2z (and therefore cause a collision):
1. Initial messages from other users and no retransmissions (probability P3).
2. Retransmissions from other users and no initial messages (probability P4).
Both initial messages and retransmissions (probability P5 ).
Therefore, the probability of collision P2 can be expressed as the sum of the above probabilities: P2 = P3 +P4 +P5" (10) To determine the expression for P3 in (10), the problem of retransmitted message collisions must be considered. Two situations will prevent retransmissions from being on the channel during 2z : a. No users sent an initial message during a specified interval of time (T) before 2z (and therefore could not possibly send a retransmission during 2z ) or b. None of the users eligible to send a retransmission during 2z (that is, those who sent an initial message during T before 2z ) did so.
The probability of the first case occurring is given by e -~NT (the probability of no Poisson arrivals in T ). Since the retransmission interval for each user is uniformly distributed, the probability that any user who is eligible to retransmit did not do so during 2z is expressed as:
38
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1 2Er e---.
2v -----~" E This expression is just the probability that the retransmission was originated somewhere else in the T interval ---t reserved for each retransmission, and not E during 2z. Thus, the probability of the second scenario (that is, the case where none of the users who sent an initial message during T retransmitted their messages during 2z ) is given by (1-e-~7)x (1-T2Ez-E-----z ) e The exponent E in the previous expression arises because each user has E possible retransmissions for any given message. Putting together all of the above yields the expression for ~ in (10):
[e -,wT +(l_e--~NT)(1 _ T_Ev)
Next, the expression for probability P4 in (10) must be derived. That is the probability that only retransmissions from other users and no initial messages are present on the channel during the interval 2z, thereby causing collisions with the message of interest. In order for retransmissions to be present on the channel during the collision window, at least one user must send an original message during T and retransmit that message during 2z. The probability of that 2Ez e ). occurring is given by (1--e-ZNV )(1--(1 T_~Z)
Multiplying this expression by the probability e -2~Nr`~r that no initial messages are present on the channel during the collision window, we arrive at the final expression for P4 :
Finally, the expression for P5 in (10) -the probability of the channel containing both original messages and retransmissions during the collision window -must be determined. This expression is similar to expression (13) and is given by: ps = (1_ e_aNr)(l_ (1_ 2Er _e_2ANr,ff T_Ez)e)(1 ). (14) Using (12), (13), and (14) in (10) and simplifying yields the final expression for the probability of collision e2: P2 = ( 1-e-z'~r~e ) + (1-e-ZNT) × (15) (1 -(1-T2~E~f)E )e-2~vr~#.
Using (15) in (7) leads to the expression for the probability P1 that a given message was not transmitted successfully:
Finally, using (16) 
(1-(t-T_Ev)E)e -2"~"vr~ ] E+! with z-4f defined in Appendix A. Under certain conditions, these results can be simplified (see Appendix B). At this point, it is worth reemphasizing that expression (17) represents the probability that a user has successfully transmitted at least one of its (E+l) transmissions of a given message. This expression is valid for all users since the proposed algorithm gives no preference to any transmitter.
III. OVERVIEW OF RESULTS AND THEIR APPLICATION

A. Effect of initial message arrival rate on system performance
Expressions (17) and (Al) make it clear that the probability of successful message transmission is a function of four major parameters: the initial message arrival rate AN, the message length z, the number of retransmissions E for each message, and the total retransmission interval T. A system designer developing a channel using the proposed traffic model would be able to select all of the above parameters except the initial message arrival rate. It is therefore imperative to study the channel behavior (namely, message success probability) for various arrival rates. Using some fixed values for the message length and the retransmission interval, the optimal number of retransmissions can be determined for any given arrival rate. This is accomplished by first calculating, using (A1), the effective collision parameter reff for a given rate and the number of retransmissions. This value is substituted into (17) to determine the probability of successful message transmission for a specified number of retransmissions and a given rate of initial message arrivals.
The channel behavior is analyzed for the case of "c = 4.6 msec (corresponding to a 184-bit message transmitted at 40 Kbits/sec) and T = 30 sec. These numbers are the parameters of AudioLink. The system will incorporate four independent channels, serving approximately 100 users per channel, in a cell with radius of roughly 0.5 miles. The retransmission interval is selected because this system will be designed for users responding to TV advertisements lasting an average of 30 seconds. This implies that the message arrival rate will never exceed 4 messages per second. Figure 1 shows the plots of the calculated message error rate (MER) versus the number of retransmissions on a semi-log scale for initial message arrival rates of 1, 2, and 4 messages/sec, respectively. MER is equal to /'1, where P1 is defined in (16). These rates are selected because they fall in the range of expected arrival rates for our application. The goal is to achieve a required reliability of
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transmitting uncorrupted messages using a minimum number of retransmissions. 
The improvement is even more dramatic when the channel loading is lighter (that is, when the initial message arrival rate is lower).
Secondly, if the heaviest expected initial message arrival rate is known, a system can determine if the required channel reliability can be achieved for a given message length and retransmission interval. If this is possible, the minimum number of retransmissions necessary to achieve this reliability can also be determined.
A maximum acceptable MER value of 1-10 -5 is often quoted for a communication channel. Figure 1 shows that message success probability with this scheme will exceed the minimum required value (1-10 5) by using: 
B. Determination of channel parameters
In the previous section, it was assumed that the retransmission interval was given and the initial message arrival rate was known. Often, this is not the case, as a major question facing a system designer would be the tradeoffs that exist between the retransmission intervals, the minimum retransmission number, and the maximum initial message arrival rate that the channel will support and still meet the required reliability. A MATHCAD module, based on expressions (16) and (A1), was developed to calculate the maximum initial message arrivai rate that a channel with given retransmission interval and number of retransmissions could support. .01
.07
.11
.13
.12
.1 Table 1 . Maximum supportable arrival rate (in messages/sec) with message length "c=4.6 msec for message error rate of less than 1 x 10 -s (depending on retransmission interval and number of retransmissions).
Several important points should be noted. As the retransmission period increases, the maximum channel throughput also increases.
However, lengthening the retransmission period has progressively less effect on the throughput. In addition, the number of retransmissions required to achieve the maximum throughput for any given retransmission interval becomes progressively larger with the increased retransmission period. This happens because, for longer retransmission intervals, significantly more retransmissions from all users are needed to saturate the channel. This effect is particularly pronounced when the retransmission period is 5 seconds. In this case, introducing more than the optimal number of retransmissions for each user quickly saturates the channel and degrades its performance. Number of retransmissions The simulator has three main parts: message generation, retransmission generation, and channel analysis. Message arrival times are generated using a Poisson distribution based on: the simulation duration (run time) and average message density. The origination time of each message is determined by exponentially distributing interarrival times based on the average original message density. This approach produces a Poisson arrival process [8] . In addition, all original messages are assigned a unique identifying integer. The simulator's algorithm for generating retransmissions follows. First, the total retransmission period is divided by the number of retransmissions, yielding equal subintervals. Each retransmission occurs within its respective subinterval at a time determined by a random number generator. This yields a uniform distribution of message retransmission times. Each message retransmission has the same integer identification number as the original message.
IV. COMPUTER SIMULATION OF THE CHANNEL
A collision occurs anytime a new message or retransmission begins while another message is still being transmitted. When this happens, both messages are lost. An error occurs if a message and its retransmissions experience collisions. The error probability is the number of errors divided by the number of original messages. If an error occurs, the message origination time is considered to be the time of the error. These times can be examined to verify that errors occur with a reasonable distribution within the simulation duration.
Due to the nature of the simulation process -start generating messages, do so for a specified time period, and then stop -messages at the beginning and the end of the simulation period do not experience the same amount of traffic as those messages in the middle. To avoid skewed results, all messages originating within the retransmission period at the beginning and end of the simulation are ignored.
The simulator places all generated messages into a list sorted by message generation time. Once all messages are inserted, the simulator analyzes message transmissions and
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retransmissions to find error and collision probabilities as well as complete message loss (the probability that all E + 1 transmissions of a given message suffered collisions) as a function of time.
V. CONfPARISON OF SIMULATED AND THEORETICAL RESULTS
To verify the validity of the closed-form solution for the MER derived in Section II, computer simulation of the channel was performed in accordance with the previously outlined stipulations.
The parameters were identical to those used in Figure 1 with the initial message arrival rate being 4 messages/sec.
Upon closer examination of the theoretical curve for /tN = 4 messages/sec in Figure 1 , we found that MER of less than 1 in 100,000 messages can be expected when there are 10 to 15 retransmissions. Therefore, the total number of simulated messages has to be at least one order of magnitude greater than the minimum number required, or approximately 1,000,000 messages. Toward that end, the simulation was repeated 17 times as the number of retransmissions varied from 1 to 15.
Each time, approximately 60,000 new messages were generated for a total of about 1,020,000 messages. For each number of retransmissions, any given simulation resulted in a proportion of a number of lost messages to total number of messages generated. Subsequently, the mean of all 17 proportions was calculated for each number of retransmissions. Figure 3 shows the comparison between the theoretically calculated MER values and the means of simulated results. Figure 3 shows that there is good agreement between theoretical and simulated results. In addition, the simulated MER is never greater than its corresponding theoretical value. The theoretical model never underestimates the MER value for any given number of retransmissions. This is particularly important to a system designer implementing the traffic model. The concept of a confidence interval, particularly the 95% confidence interval, is often used to measure the accuracy of a given simulation [9] . In this case, we want the interval, based on simulation results, that is 95% certain to contain the true MER. However, we have a relatively small sample (17 observations) for each number of retransmissions. The most important result in Table 2 is that the theoretically calculated MER falls within the 95% confidence interval of the corresponding simulation in almost all cases, thus confirming the validity of the traffic model. For the three cases that this is not true (1, 6, and 8 retransmissions), it is just outside the upper limit of the corresponding confidence interval. The theoretical model slightly overestimates the MER in these instances (the deviation from the upper limit of the confidence interval is never greater than about 12%). This is not of a particular concern, and probably happens, because these simulations are only one order of magnitude larger than minimally required.
VI. PRELIMINARY FIELD TRIALS
The preliminary field trials for AudioLink were conducted in October 1997 in Roanoke, Virginia. This product utilizes the retransmission technique described above. In it, a set-top box is programmed by data bits hidden in the TV audio through a proprietary process developed at Virginia Tech. When the user presses an appropriate button on a standard TV remote control, the settop box transmits a message via a 915 MHz ISM (Industrial, Scientific, and Medical) band direct sequence spread spectrum signal. Ten units were dispersed through a large building to allow users to participate in an on-line interactive video game. The results indicated that every message was successfully received. Propagation tests show that the unit works reliably over about a one-kilometer range in an urban environment.
VII. CONCLUSIONS
A random access technique for simplex channels has been proposed. A closed-form solution is derived for the probability of successful transmission of a given message with the proposed algorithm that takes into consideration initial message and retransmission, as well as message 42 collisions.
This derivation involved developing an approach to handle concu~Tent interdependent processes that are inherent in the channet model. To evaluate the expression (17) for the probability of successful message transmission, one must first determine the effective collision parameter Z e~. using (AI).
Subsequently, that value should be substituted into (17).
APPENDIX B Approximate expressions for zeff and probability of successful message transmission
The effective collision parameter reg-is given by expression (A1). It contains two major terms: the first, (E + 1)z, arising from the introduction of retransmissions into the channel model, and the second, 1 In e-~r+(1-e-'Vvr)(1-TmEr)/J being the 22N correction factor to account for interdependency of initial message generation and message retransmission processes. The contributions of each of these terms in ~eff are analyzed for the case of x = 4.6 msec and T = 30 sec (the same parameters as were used to generate Figure 1 ). Figure  4 shows both Vef f from (A1) and the first term of (A1), (E + 1)z-= rap p , as functions of the number of retransmissions E for original message arrival rate of 1 message/sec. Figure 4 , shows that the second term in (At) has a very small contribution given any practical number of retransmissions and expected arrival rates. Thus, for any practically realizable, small number of retransmissions, the effective message length Z e# can be approximated by: 
T-Ez
which is especially applicable to channels with a small number of retransmissions.
Finally, we should note that if no retransmissions occur (that is, E =0), re# in (A1) becomes simply z, and expression (t7) for the probability of successful message transmission becomes e -2zvr , as expected, which is the probability of no Poisson arrivals during the collision window 2z.
